C-editing block based on an inversion BISEP (B 1 -insensitive spectral editing pulse) with a spin-echo coherence-based localization, was developed and implemented at 14.1 T. 13 C editing of the proposed scheme was achieved by turning on and off the 13 C adiabatic full passage in the 13 Cediting block to prepare inverted and noninverted 13 C-coupled 1 H coherences along the longitudinal axis prior to localization. The novel 1 
H-[
13 C] NMR approach was applied in vivo under infusion of the glia-specific substrate [2- 13 C] acetate. Besides a~50% improvement in sensitivity, spectral dispersion was enhanced at 14.1 T, especially for J-coupled metabolites such as glutamate and glutamine. A more distinct spectral structure at 1.9-2.2 ppm(parts per million) was observed, e.g., glutamate C3 showed a doublet pattern in both simulated 1 H spectrum and in vivo [2- 13 C] acetate; glutamate; glutamine; rat brain Dynamic detection of 13 C label incorporation by 13 C NMR spectroscopy in conjunction with 13 C label administration allows the investigation of neuroglial metabolism in vivo (see de Graaf et al. (1) and Gruetter et al. (2) . for reviews). By dynamically measuring 13 C incorporation into different carbon positions of NMR-detectable metabolic products such as glutamate (Glu) and glutamine (Gln) during the infusion of labeled substrate and then fitting this dynamic information with a suitable mathematical model, several crucial metabolic fluxes, e.g., exchange rate between 2-oxoglutarate and Glu, the tricarboxylic acid (TCA) cycle rate and the Glu-Gln cycle rate, can be quantitatively derived (3) (4) (5) . Generally, 13 Cenriched glucose, such as [1-13 C] or [1, [6] [7] [8] [9] [10] [11] [12] [13] C 2 ] glucose, has been used as the substrate (6, 7) .
In the last two decades, 13 C-labeled acetate (Ace) has been employed in a few 13 C NMR studies (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . Since Ace is taken up exclusively by astrocytes (18) , the glial Gln pool will be labeled prior to the larger neuronal Glu pool (19) . Hence, 13 C-labeled Ace infusion could potentially increase the accuracy of the assessment of the GluGln cycle rate and the TCA cycle rate in astrocytes (20) . However, due to the smaller pool size of Gln ($3 mmol/ g) (21) and strong labeling dilution effect of the neuronal Glu, 13 C-labeled signals are much smaller when using Ace infusion compared to those acquired with glucose infusion, which increases demands on the measurement sensitivity. To date, the dynamic 13 C labeling time courses reported by in vivo studies using 13 C-labeled Ace were limited to the measurement of the C4 position of Glu and Gln (11, 22) .
The measurement of 13 C labeling has been achieved using either direct or indirect 13 C NMR detection (3, 6, (23) (24) (25) . Direct detection of 13 C NMR signals allows the individual measurement of turnover of C2, C3, and C4 positions of Glu and Gln due to the large chemicalshift dispersion of the 13 C spectral lines. However, the inherently low sensitivity of 13 C limits the spatial resolution to $400 mL (26). To increase the sensitivity, indirect detection of 13 C through the more sensitive 1 H nuclei is an alternative, albeit at the expense of a lower spectral resolution, such as the partial separation of labeling in Glu and Gln (23, 25) , which limits the achievable dynamic information and the reliability of the two-compartment metabolic modeling (20) . For instance, Pfeuffer et al. (23) proposed a modified stimulated echo acquisition mode localization for performing adiabatic carbon editing and decoupling, and demonstrated the measurement of GluC4 and GlnC4 time courses with glucose infusion at 9.4 T. A proton-observed carbon-edited NMR sequence (7) based on three-dimensional image-selected in vivo spectroscopy localization was performed with glucose infusion at 7 T in rat brain, and the reported time courses were limited to GluC4, GlnC4, and GluC3 þ GlnC3 (27).
By further increasing the magnetic field strength, the signal-to-noise ratio and spectral resolution of 1 H-[
13 C] NMR spectroscopy are improved, especially for Jcoupled metabolites (28), which will potentially lead to the measurement of additional labeling information, e.g., GluC3 and GlnC3 time courses.
In the present study, a full signal intensity Acquired Localized spectroscopy) (29) with a preceding 13 C-editing block based on an inversion BISEP (B 1 -insensitive spectral editing pulse) (30) , was implemented at an ultrahigh magnetic field strength of 14.1 T and validated in vitro and in vivo during infusion of [2- 13 C] Ace. We further demonstrated improved 1 H-[ 13 C] NMR spectral resolution at 14.1 T and feasibility of measuring individual time courses of GluC4, GlnC4, GluC3, and GlnC3.
MATERIALS AND METHODS

Animal Preparation
All animal preparation procedures were performed according to local and federal guidelines and were approved by the local ethics committee. Six healthy Sprague-Dawley rats (263 6 19 g, mean 6 standard deviation) were fasted overnight (15-16 h), with free access to water before the studies. Animals were intubated and ventilated by 2% isoflurane during the surgery. Both femoral veins were catheterized for continuous infusion of a-chloralose (Fisher Scientific, Pittsburgh, PA) and 99% enriched [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C] sodium Ace (Sigma-Aldrich, St. Louis, MO). One femoral artery was cannulated for blood sampling. After preparation, anesthesia was achieved by an 80 mg/kg initial bolus of a-chloralose, followed by continuous infusion at a rate of $26.7 mg/kg/h. The animal was placed in a homemade holder and the head was stereotaxically fixed. Respiration rate and blood pressure were continuously monitored (SA Instruments Inc., NY). Body temperature was measured by a rectal thermosensor and maintained at 38.0 6 0.5 C by circulating heated water. A variable bolus of 3-M 99% enriched [2- 13 C] sodium Ace (pH ¼ 6) was given over two consecutive 5-min periods, with rates of 1.8 mmol/min/kg and 1.1 mmol/min/kg, respectively, and then a continuous rate of 0.3 mmol/min/kg was applied. The infused volume of Ace solution was $5 mL in total. Arterial blood (200 mL) was sampled approximately every 30 min for monitoring blood gases (pCO 2 ¼ 39 6 2 mm Hg, pO 2 > 100 mm Hg), pH (7.41 6 0.03), and the analysis of plasma Ace concentration and isotopic enrichment. An aliquot of arterial blood was immediately centrifuged and stored in a nearby À80 C freezer for subsequent processing. The total amount of blood draw was below 10% of the total blood volume of the rat.
Analysis of Blood Plasma and High-Resolution NMR Spectroscopy
Plasma samples were thawed and immediately centrifuged (12,000g) with a centrifugal filter with a molecularweight cutoff of 10 kDa (Vivaspin 500; Sartorius AG, Goettingen, Germany). The ultrafiltrate of the plasma was lyophilized and dissolved in 400 mL D 2 O containing 0.774 mM 3-(trimethylsilyl)propionic-2,2,3,3-d 4 acid sodium salt (sodium salt; Ciba Geigy AG, Basel, Switzerland), which was used as a chemical shift and internal concentration reference for high-resolution NMR spectroscopy. The measurements were performed on a 500-MHz vertical-bore spectrometer (Bruker, Fallanden, Switzerland). One-dimensional 1 H pulse-and-acquire was used to measure the isotopic enrichment and the concentration of Ace in the blood plasma (pulse repetition time ¼ 15 sec).
H-[ 13 C] NMR Sequence
The proposed 1 H-[
13 C] NMR sequence termed SPECIAL-BISEP was the combination of the SPECIAL localization sequence and a preceding 13 C-editing block based on the inversion BISEP (Fig. 1a) . The inversion BISEP, which was based on a segmented 0 BIR-4 (B 1 -insensitive rotation with 4 segments) pulse with two pulse interval delays (t ¼ 1/2J), consisted of three segments in the 1 H channel (time-reversed adiabatic half-passage [p/2, 0.5 ms], adiabatic full passage [AFP; p, 1 ms], and adiabatic half-passage [p/2, 0.5 ms]) and one AFP (1 ms) in the 13 C channel centered at the central segment of 0 BIR-4 pulse in the 1 H channel (30) . The modulation functions of the AFP and adiabatic halfpassage were based on hyperbolic tangent and tangent functions. Using product operator formalism to describe coherence evolution of 13 C (S)-coupled 1 H (I) spins at the end of the BISEP, the coherence is I z cos(2pJt) À 2I x S z sin(2pJt). When using the time delay t ¼ 1/2J (J ¼ 127 Hz), ÀI z is obtained to achieve the inversion of 13 Ccoupled 1 H coherences. On the other hand, without the AFP in the 13 C channel the 13 C-editing block acts as a 0 BIR-4 pulse and the coherence returns to þI z . Therefore, by turning off (unedited) and on (edited) the AFP in the 13 C channel, 6I z are prepared prior to the localization.
Since the uncoupled signals (corresponding to protons bound to 12 C) undergo only segmented 0 BIR-4 pulse and return to the z axis in both unedited and edited acquisitions, the subtracted spectrum contained 1 H resonances bound to 13 C. The bandwidth of the inversion BISEP was $2 kHz (3.3 ppm at 14.1 T) in 1 H channel, where gB 1max /2p ¼ 6.7 kHz, and $12 kHz (80 ppm at 14.1 T) at the 13 C frequency, where gB 2max /2p ! 7 kHz. The frequency offsets were set to the resonance frequencies of GluC4 protons and carbon (2.34 ppm and 35 ppm), respectively.
Following the 13 C-editing block, the SPECIAL localization sequence based on the combination of one-dimensional image-selected in vivo spectroscopy and slice-selective spin-echo (29) was used to detect the prepared 6I z from a selected volume of interest. An ultrashort echo time (TE) of 2.8 ms was used to attain full signal intensity and minimize spectral evolution due to 1 H-1 H coupling. Outer volume suppression was achieved by six adiabatic hyperbolic secant pulses in three outer-volume-suppression modules interleaved with VAPOR (VAriable Pulse power and Optimized Relaxation delays) water suppression (31) . An additional water-suppression pulse was implemented between one-dimensional image-selected in vivo spectroscopy and the spin-echo module. Adiabatic 13 C decoupling was based on an adiabatic hyperbolic secant (HS8) pulse applied with both MLEV-4 and a five-step phase cycling (23) during the 145-ms acquisition time.
In Vivo MRS and Quantification
All experiments were carried out on an animal MRI system (Varian, Palo Alto, CA) interfaced to a 14.1-T, 26-cm, horizontal-bore magnet (Magnex Scientific, Oxford, UK) with actively shielded gradients (12-cm inner diameter, 400 mT/m in 120 ms). A homemade 13 mm-diameter geometrically decoupled quadrature 1 H surface coil with a 10 mm-diameter single-loop linear 13 C coil was used as both transmitter and receiver. At the center of the 13 C coil, a sphere filled with 99% 13 C-enriched formic acid was placed to provide a reference signal for power calibration of the adiabatic pulses in the 13 C channel. 3 ) centered in cerebral cortex of the rat brain. To optimize the magnetic field homogeneity in the volume of interest, an echo-planar imaging version of FASTMAP (32) was used to adjust all first-and second-order shims, which achieved a full width at half maximum of the water signal of 20-22 Hz in vivo.
During 150 min of 99% enriched [2-13 C] sodium Ace infusion, localized proton signal (64 averages, pulse repetition time ¼ 4 sec) was continuously acquired with and without applying the 13 C AFP in an interleaved fashion. In vivo spectra were analyzed by LCModel (33) . Two basis sets were employed: (i) a standard basis set for unedited 1 H spectra contained a measured macromolecular baseline and simulated metabolite spectra (34); (ii) a basis set for 13 C-edited 1 H NMR spectra contained simulated metabolite spectra of Ace C2, N-acetyl aspartate C6, Glu (C2, C3, and C4), Gln (C2, C3, and C4), gaminobutyric acid (C2, C3, and C4), aspartate (C2 and C3), and total creatine (C2 and C3). AceC2 (1.9 ppm) served as a reference for frequency and phase adjustment of the 13 C-edited 1 H spectra. After LCModel analysis, isotopic enrichment of metabolites such as GluC4, GlnC4, GluC3, GlnC3, and AceC2 was calculated directly from the relative concentration ratio of 13 C concentration obtained from 13 C-edited 1 H NMR spectra and the total concentration ( 12 C þ 13 C) obtained from unedited 1 H spectra. Total creatine was assumed to be 8 mmol/g for calculating the absolute concentration (21, 22) .
Spectral Simulation of Glu and Gln
Proton spectra of Glu and Gln under spin-echo excitation at TE ¼ 2.8 ms were simulated at three different magnetic field strengths of 7, 9.4, and 14.1 T. Quantum mechanics simulations, based on density matrix formalism, were performed in Matlab (version 7.5; The MathWorks, Inc., Natick, MA) (35 ) for Gln, and J-coupling constants (36) were used in the calculation. The line widths of metabolites were set to 8, 10, and 18 Hz for 7, 9.4, and 14.1 T, respectively.
RESULTS
Isotopic enrichment of AceC2 in the blood reached over 95% within 5 min after starting the infusion of 99% enriched [2- 13 C] sodium Ace and was stable at around 90% during the whole experiment. The concentration of plasma Ace during the experiment was 9 6 3 mM.
To validate the performance of the SPECIAL-BISEP scheme, a 20-mL plastic cylinder containing 200-mM [2- 13 C] sodium Ace and 100-mM unlabeled sodium Ace was prepared. Applying the 13 C AFP at the 13 C resonance of AceC2, the 13 C-coupled 1 H resonances were inverted (Fig. 1b, middle) . When the 13 C AFP was turned off, 13 (Fig. 1b, top) . Subtracting the noninverted spectrum (Fig. 1b, top) from the inverted spectrum (Fig. 1b, middle) , uncoupled resonances were successfully eliminated and 13 Ccoupled 1 H resonances were exclusively retained (Fig.  1b, bottom) .
To demonstrate the improvement of spectral resolution for J-coupled metabolites at 14.1 T, 1 H spectra of Glu and Gln at different magnetic field strengths, i.e., 7, 9.4, and 14.1 T, were simulated (Fig. 2) . Since the line width of the multiplets of Glu and Gln is mainly determined by the Jcoupling constant, which is independent of the amplitude of static field, the spectral resolution was expected to be substantially improved, despite the increase in the singlet line width with the amplitude of static field. Note that at 14.1 T, the C3 of Glu was a more distinct doublet of its nonequivalent 1 H resonances at 2.04 ppm and 2.12 ppm compared to that at both 7 and 9.4 T.
To demonstrate the 1 H-[ (Fig. 3) .
The 45-min averaged 13 C-edited 1 H NMR spectrum acquired 106 min after starting Ace infusion exhibited spectral features ascribed to multiplets of GluC3, GlnC3, and N-acetyl aspartate C6 (Fig. 3) . In addition, the major resonance signal, i.e., GluC4 at 2.34 ppm, was clearly separated from the GlnC4 resonance at 2.44 ppm.
LCModel analysis performed using a basis set composed of the individual position of molecules resulted in an excellent fit of the 13 C-edited 1 H spectrum with minimal fit residual (Fig. 3) . Note that GluC3 exhibited a distinct doublet structure expected from the two nonequivalent protons, as shown in the simulated spectrum (Fig. 2) .
1 H-[ 13 C] NMR spectra summed every $9 min (128 scans) demonstrated the dynamic 13 C incorporation (Fig.  4) . From the stack plot, it is clear that after 13 C incorporation into AceC2, GlnC4 and GluC4 were labeled first, followed by labeling in the C3 and C2 position of Glu and Gln.
From the analysis of the unedited 1 H spectra and 13 Cedited 1 H spectra (64 averages), total concentration of metabolites ( 12 C þ 13 C) and the concentration of 13 C-labeled metabolites were obtained. Cramer-Rao lower bounds (expressed in concentration unit) of the concentration of GluC4, GlnC4, GluC3, and GlnC3 were 0.047 6 0.004 mmol/g, 0.048 6 0.004 mmol/g, 0.13 6 0.02 mmol/ g, and 0.081 6 0.009 mmol/g (mean 6 standard deviation; n ¼ 6), respectively, in 4.5-min spectra. Dynamic isotopic enrichment of GluC4, C3 and GlnC4, C3 was calculated by dividing the concentration of 13 C-labeled metabolites by the total concentration of the respective metabolites. All data points were used in the 13 C-label time courses. Average time courses of GluC4, C3 and GlnC4, C3 (n ¼ 6) with a time resolution of $4.5 min (each data point contains 64 scans) are shown in Fig. 5 . At steady state, the isotopic enrichment of GluC4 and GlnC4 was 16% and 35%, respectively. The labeling of GluC3 and GlnC3 continued to increase during the whole experiment, and their isotopic enrichment reached 12% and 20% at $150 min, respectively. A small increase in the isotopic enrichment of N-acetyl aspartate C6 was also observed (not shown) but remained below $4% during the infusion experiment, which can be ascribed to its slow metabolism (37) .
DISCUSSION
The present study introduced a novel 1 H-[ 13 C] NMR spectroscopic technique that attained full signal intensity by using a BISEP-based 13 C-editing block combined with the SPECIAL localization at ultrashort TE.
The 180 BISEP, originally introduced as a refocusing pulse (30) , was used in the proposed scheme as a 13 C inversion pulse for inverting 13 C-coupled 1 H coherences on alternate scans prior to localization (Fig. 1a) . As a 13 C-editing adiabatic pulse, BISEP enabled us to minimize the signal loss due to the inhomogeneous amplitude of radiofrequency field typically present at high magnetic field strength. In contrast to a protonobserved carbon-edited sequence (7), the BISEP 13 C editing block generates inverted and noninverted magnetization along the z axis prior to the localization. Therefore, 13 C editing is independent of the subsequent localization part, which allows one to combine the BISEP with any localization sequence or spectral editing sequence used for the detection of specific metabolites.
Four scans in total were necessary for accomplishing 13 C-localized editing in the proposed scheme. Compared to the proton-observed carbon-edited type of 1 H-[ 13 C] NMR sequence combined with three-dimensional imageselected in vivo spectroscopy localization (25), which requires the addition and subtraction of 16 scans, the proposed approach is based on four times fewer add-subtract steps. In addition, outer volume suppression in all three localization dimensions further minimizes the potential contamination from the tissue outside the VOI (volume of interest) caused by add-subtract scheme. This is expected to lead to a more robust detection of 13 C label.
In the unedited 1 H-[ 13 C] NMR spectra, LCModel was used to analyze the spectrum (33) . Moreover, instead of using a TE of 7.9 ms (1/J CH ) as in the proton-observed carbon-edited type of editing sequence, an ultrashort TE of 2.8 ms was used, which minimized the spectral modulation and signal reduction due to 1 H-1 H J coupling. This had the advantage that a standard, preexisting basis set including a measured macromolecule baseline was directly used for quantifying the unedited 1 H spectra in LCModel analysis.
When using [2-13 C] Ace as a substrate, the smaller glial Gln pool is labeled prior to the larger neuronal Glu pool. Substantial dilution of Glu by unlabeled carbon from the more active neuronal TCA cycle leads to a lower isotopic enrichment of metabolites compared to using [1- 13 C] or [1, [6] [7] [8] [9] [10] [11] [12] [13] C 2 ] glucose as a substrate. Therefore, it was important to optimize the sensitivity of the measurement, which was accomplished in this study by using full-sensitivity 1 H-[ 13 C] NMR spectroscopy and by taking advantage of $50% increase in sensitivity at 14.1 T compared to 9.4 T (34).
Since the field inhomogeneity increases with magnetic field strength, implementation of an efficient automatic shimming scheme such as FASTMAP was crucial to establish high spectral quality. In this study, the typical line width of singlets (total creatine at 3.03 ppm) after the first-and second-order shimming adjustment was 17-18 Hz for a VOI of 144 mL. Although the line width of singlets was increased at 14.1 T compared to 9.4 T, the line width of J-coupled metabolites such as Glu and Gln is determined by the J-coupling constant and thus hardly affected by the increased amplitude of static field (Fig.  2) . Hence, the improvement in the chemical shift dispersion was prominent for J-coupled resonances at 14.1 T, e.g., GluC3, which clearly showed a better-resolved doublet structure in the simulated 1 H spectrum and in vivo 13 C-edited 1 H NMR spectra ( Fig. 2 and Fig. 3 ) compared to the lower magnetic field strength (23) , as well as a clear separation of GlnC4 and GluC4. Therefore, this study allowed for the first time a separate measurement of time courses of GluC3 and GlnC3 by 1 H-[ 13 C] NMR spectroscopy (Fig. 5) . These two extra time courses are likely to improve the reliability of metabolic modeling for assessing metabolic fluxes (20) .
The accuracy of quantification of the spectra was mainly determined by the quality of the spectra in terms of signal-to-noise ratio and spectral dispersion, which are reflected in Cramer-Rao lower bounds of the metabolite concentrations calculated by LCModel. At 14.1 T, the improved signal-to-noise ratio and separation in Glu and Gln resonances led to $50% lower Cramer-Rao lower bounds for GluC4, C3 and GlnC4, C3 compared to those at 9.4 T (38).
Although LCModel analysis was used in this study, the improved spectral resolution at 14.1 T, such as resolved GluC4 and GlnC4 resonances, as well as the distinct spectral pattern of GluC3 and GlnC3, should also permit the use of other quantification methods, e.g., jMRUI (magnetic resonance user interface) (39) or constrained peak fitting. The 13 C-labeled metabolites (Fig. 3 ) detected during [2- 13 C] Ace infusion observed in this study were similar to those observed under glucose infusion (23) . Nevertheless, the turnover pattern of Glu and Gln obtained with [2- 13 C] Ace infusion was significantly different with that acquired with infusing 13 C-enriched glucose. Glutamine labeling showed a faster increase in both C3 and C4 position relative to Glu-labeling time courses. Isotopic enrichment of GlnC4 at steady state was $2.2 times higher than that of GluC4 (Fig. 4) . The isotopic enrichments obtained in the present study were similar to those reported by Deelchand et al. (22) , i.e., GluC4 (14%) and GlnC4 (44%).
The high sensitivity achieved from a VOI of 144 mL with a temporal resolution of $4.5 min under Ace infusion at 14.1 T indicates that at such a magnetic field strength, the proposed sequence could be used to study the 13 C turnover in a smaller, more specific brain region. Moreover, with [1- ] NMR technique at 14.1 T. Ace has been infused in humans but with a lower infusion rate (e.g., 3 mg/kg/min) (11, 14) ; hence, the proposed approach should be of advantage for human studies. The SPECIAL localization sequence and BIR-4 pulses as a part of the FAST(EST)MAP are currently used on our clinical 3-and 7-T scanners (40) . It should be straightforward to include a 13 C p pulse into BISEP. Provided that sufficient radiofrequency power can be delivered for 13 C decoupling within SAR guidelines, the proposed approach can be extended to human studies.
CONCLUSION
We conclude that the 1 H-[ 13 C] NMR sequence SPECIAL-BISEP provides a versatile scheme of measuring 13 C labeling through protons, with full signal sensitivity. Separate measurements of time-resolved GluC4, GlnC4, GlnC3, and GluC3 are possible at 14.1 T, which likely improves the ability to study neuron-glial metabolism. 
